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ABSTRACT
Analysis of cell-free DNA using next-generation sequencing (NGS) is a powerful 
tool for the detection/monitoring of alterations present in circulating tumor DNA 
(ctDNA). Plasma extracted from 171 patients with a variety of cancers was analyzed 
for ctDNA (54 genes and copy number variants (CNVs) in three genes (EGFR, 
ERBB2 and MET)). The most represented cancers were lung (23%), breast (23%), 
and glioblastoma (19%). Ninety-nine patients (58%) had at least one detectable 
alteration. The most frequent alterations were TP53 (29.8%), followed by EGFR 
(17.5%), MET (10.5%), PIK3CA (7%), and NOTCH1 (5.8%). In contrast, of 222 
healthy volunteers, only one had an aberration (TP53). Ninety patients with non-
brain tumors had a discernible aberration (65% of 138 patients; in 70% of non-
brain tumor patients with an alteration, the anomaly was potentially actionable). 
Interestingly, nine of 33 patients (27%) with glioblastoma had an alteration (6/33 
(18%) potentially actionable). Overall, sixty-nine patients had potentially actionable 
alterations (40% of total; 69.7% of patients (69/99) with alterations); 68 patients 
(40% of total; 69% of patients with alterations), by a Food and Drug Administration 
(FDA) approved drug. In summary, 65% of diverse cancers (as well as 27% of 
glioblastomas) had detectable ctDNA aberration(s), with the majority theoretically 
actionable by an approved agent.
INTRODUCTION
The detection and investigation of molecular 
alterations has increased our knowledge of oncogenic 
mechanisms, and led to the use of targeted cancer therapies 
matched to patients’ specific molecular aberrations [1–7]. 
Specific examples include the use of EGFR tyrosine 
kinase inhibitors in non-small cell lung cancer (NSCLC) 
with an EGFR mutation [8], BRAF inhibitors in melanoma 
harboring BRAF mutations [9,10], or imatinib for chronic 
myelogenous leukemia [11,12]. Currently, most of the 
molecular tests are performed on archived tissues at a 
single time point, which is often a limiting factor. These 
invasive biopsies involve risks for patients, they are costly, 
time consuming, and may pose related complications of 
tissue acquisition. Samples used for testing are often from 
archived tissue that is several months old [1,2], which may 
not provide a recent picture of the molecular background 
of the tumor. In addition, patients with metastatic disease 
often have multiple involved sites, but usually have only 
one tumor biopsied and interrogated. While the testing 
might provide information about the genomic landscape 
of this particular site, it may not reflect the full genomic 
make-up of the cancer, as it has been shown that metastatic 
disease exhibits considerable heterogeneity [13–15]. 
Furthermore, it has been established that the portfolio of 
alterations found in tumors evolve with time. For instance, 
patients with non-small cell lung cancers treated with an 
EGFR inhibitor to target an EGFR mutation nearly always 
develop resistance, due to secondary mutations [16–18]. 
Therefore, molecular assays that detect these genomic 
changes without repeat invasive tissue biopsies are 
needed. One approach that could be useful is to investigate 
circulating tumor cell DNA (cell-free DNA) shed into the 
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circulation or released when cancer cells die [19]. This 
technology has emerged rapidly, with detection of the 
small amounts of tumor DNA present in the blood being 
virtually impossible even a few years ago. More recently, 
circulating cell-free tumor DNA has been successfully 
analyzed for single gene aberrations [20–22]. Cell-free 
DNA assays analyzing complete exons in multiple genes 
via next-generation sequencing (NGS) are now becoming 
feasible. Here we report the results of liquid biopsies in 
171 patients whose blood was analyzed for 54 genes via 
NGS in circulating tumor, cell-free DNA.
RESULTS
Analysis of control samples from healthy persons
During the technology development process, 79 
healthy normal controls (source: AllCells, http://www.
allcells.com) were tested and, in those, a single TP53 
R248Q mutation (heavy smoker, but no history of cancer) 
was seen, typical of a somatic mutation. During patient 
testing, samples from an additional 143 healthy persons 
were analyzed as controls (not blinded). These controls 
comprised about 60% male, with age ranging from 20-
50 years old. None of these individuals had a detectable 
somatic mutation in the 54 gene panel (single nucleotide 
polymorphisms (SNPs) were commonly seen but these are 
ascertained as germline SNPs because they occur at close to 
50% or 100% mutant allele frequencies in cell-free DNA).
Patient characteristics
Our population comprised 171 patients with diverse 
cancers who had a biopsy-free next-generation sequencing 
ctDNA test performed on their blood. Patient’s median age 
was 57 years old (range 19-87). There was a predominance 
of women over men (n=104 (61%): n=67 (39%)), and the 
most commonly represented cancers were lung (23%), 
breast (23%), and glioblastoma (19%) Table 1.
Circulating tumor DNA (ctDNA) sequencing 
results
The median time from sample receipt by the 
testing laboratory to results was 13 days (95%CI 12-
13 days; range 6-27 days). In our 171 tested patients, 
238 alterations were identified, with the majority being 
mutations (n=211, 89%). Eleven percent of the identified 
alterations were amplifications (27/238), although only 
3 genes were tested for copy numbers (ERBB2, EGFR, 
and MET). The most frequent alterations identified were 
TP53 (29.8%), followed by EGFR (17.5%), MET (10.5%), 
PIK3CA (7%), and NOTCH1 (5.8%) (Figure 1).
Of the total, 99 patients (58%) had at least one 
detectable alteration(s). This includes 65% (90/138) of 
patients with cancers other than glioblastoma, and 27% 
(9/33 of glioblastoma cases). Specifically, 26% of patients 
had one alteration, and 32% had at least two alterations. 
Patients had a median of one alteration (average 1.4, 
range 0-19), Figure 2A. Gastrointestinal, lung, breast, 
and genitourinary cancers harbored the most alterations, 
with 83%, 60%, 45%, and 40% of cases bearing at 
least two alterations, respectively. Interestingly, while 
the majority of patients with glioblastoma (73%) did 
not harbor a discernible alteration, 27% (N=9/33) had 
an alteration (Figure 2B), most commonly TP53 and 
NOTCH1 anomalies (detected in four and three patients, 
respectively).
When examining the tumor types comprising the 
most patients (lung and breast cancers, each n=40), we 
found that the most frequent alterations reported were 
TP53 (32.5%), HER1/2 (27.5%), and PIK3CA (25%) in 
breast cancer cases (Figure 3A). In lung cancer cases, 
TP53 alterations were detected in 50% of the cases, 
followed by EGFR (27.5%) and MET (17.5%) alterations 
(Figure 3B).
Actionability of the detected alterations
Of the total of 171 analyzed patients, 69 had 
potentially actionable alterations (40% of total, 70% of 
the patients with alterations detected). Indeed, all these 
69 patients had at least one matched experimental drug 
available in clinical trials. Among these 69 patients, 68 
patients (99% of 69 or 40% of total patients) also had 
a least one matched FDA- approved drug (n=9 patients 
with on-label use), Figure 4 and Table 2. Of note, the 
majority of patients with gastrointestinal, lung, and 
breast cancers had actionable alterations (83%, 60%, and 
52.5%, respectively)—in all the cases with an actionable 
aberration, the alteration could be matched to an FDA-
approved drug, Figure 4B.
On the other hand, 102 patients (60%) had no 
actionable alterations. In 72 of the 102 patients (70.6%) 
(or 42% of the total of 171 patients), there was no 
alteration detected. In addition, some patients (n=30, 
17.5% of the 171 patients) had alterations, but they were 
not theoretically actionable with currently available drugs, 
either approved or investigational (Figure 4).
DISCUSSION
Herein, we studied the molecular alterations 
identified in 171 patients with diverse cancers using 
targeted next-generation sequencing that analyzed 
circulating tumor DNA (ctDNA) extracted from plasma. 
We found that 58% of our patients demonstrated at least 
one molecular alteration, and 32% had two or more 
alterations. The most frequent alterations were TP53 
mutations, detected in nearly 30% of our patients, similar 
to previous reports wherein tissue was interrogated 
[23]. Of interest, the frequency of some alterations, 
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Table 1: Population characteristics
Parameters Total patients, N = 171
Gender
 Women 104 (61%)
 Men 67 (39%)
Age (median, range) 57.4 years (19-87)
Turn over timea (median, 95%CI) 13 days (12-13)
Tumor origin
 Lung 40 (23.4%)
 Breast 40 (23.4%)
 Glioblastoma 33 (19.3%)
 Genitourinary 10 (5.8%)
 Gastrointestinal 6 (3.5%)
 Unknown primary 39 (22.8%)
 Otherb 3 (1.8%)
Number of patients with ≥ 1 alteration 99 (58%)
aTime from blood reception to results
bOther included: melanoma, n=1; sarcoma, n=1; thymic sarcoma, n=1
Figure 1: List of altered genes. Overall, 211/238 (89%) alterations were mutations and 27/238 (11%) were amplifications. Of 29 
patients with EGFR alterations, 11 (38%) had an EGFR amplification only; two (7%), both an EGFR amplification and EGFR mutation(s); 
and 16 (55%) had EGFR mutation(s) only. Of eight patients with ERBB2 anomalies, two (25%) had an ERBB2 amplification only; two 
(25%), both an ERBB2 amplification and ERBB2 mutation(s); and four (50%), only an ERBB2 mutation. Of 18 patients with a MET 
aberration, 10 (56%) had a MET amplification only (10/18=56%) and eight (44%), a MET mutation only.
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such as MET in breast and lung tumors, was higher than 
previously reported, though the rates reported vary widely 
by study [24–27]. The higher rates of MET anomalies in 
our study could be due to the advanced state of the patients 
who usually undergo ctDNA testing, the relatively small 
number of patients with each disease type in our study, or 
the propensity for DNA bearing MET-related alterations to 
be shed into the blood.
Forty percent of patients had a potentially actionable 
alteration. Among the 99 patients with alterations 
detected, 70% had a potentially actionable alteration. 
Of note, three recent actionability studies performed on 
tumor samples [28–30] (not ctDNA) report that 83-90% 
percent of patients had at least one actionable alteration, 
which is higher than in earlier reports, perhaps because 
more comprehensive panels are now in use for tissues, 
and more targeted drugs have been approved and entered 
clinical trials. The ctDNA assay’s actionability was 
based on a panel of 54 genes (point mutations tested 
for all genes and copy numbers assessed in three of the 
54 genes) (other genomic alterations such as indels and 
fusions were not included at that time). In contrast, the 
Figure 2: Description of the number of alterations identified in 171 patients. Panel A. displays the number of patients per 
designated number of alterations (total=238 alterations; median 1 alteration per patient, range 0-19). A total of 99 patients (58%) had 
alterations(s). Panel B. describes the percentage of patients with the designated number of alterations, by histology. As an example, for 
patients with lung cancer: 20% had no alterations, 20% had 1 alteration, and 60% had ≥2 alterations reported. Other included: unknown 
primary, n=39; melanoma, n=1; sarcoma, n=1; thymic sarcoma, n=1.
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previous publications on tissue-based studies utilized 
larger panels of about 200 genes assessed by NGS [28–
30]. Furthermore, the patient populations examined, as 
well as the sensitivity of ctDNA versus tissue assays may 
be other factors that account for these differences. Indeed, 
in our study, 42% of patients did not have any detectable 
alteration. This was most prominent for glioblastoma, 
where 73% of patients (N = 33 total tested) had no 
discernible alteration in their ctDNA. Of interest in this 
regard, Bettegowda et al. [31] demonstrated the ability to 
detect any ctDNA (albeit without sequencing the genes 
in the ctDNA) in over 75% of 640 patients with various 
cancer types, but in less than 50% of primary brain, renal, 
prostate, or thyroid cancers, suggesting that physical 
Figure 3: Most frequent alterations detected in breast and lung cancers. Bar graphs representing frequencies of the most 
frequent alterations for breast cancer cases Panel A. and lung cancer cases Panel B. Alterations harbored by ≥ 2 patients have been 
included. Numbers into brackets indicate the number of patients with the designated alteration.
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Figure 4: Analysis of actionability in 171 patients with diverse cancers. Panel A. there is some overlapping as some patients 
might have approved agents on and off-label, as well as experimental drugs options for their disease - patients described in box A (on label 
use) all also have “off label use” options and are included in box B (Off-label use). Similarly, patients described in boxes A and B all also 
have clinical trial options and are included in box C. All patients with actionable alterations had at least one clinical trial suggested. Panel B. 
displays the percentages of actionability data by tumor sites. Other included: unknown primary, n=39; melanoma, n=1; sarcoma, n=1; 
thymic sarcoma, n=1.
Oncotarget9713www.impactjournals.com/oncotarget
obstacles such as the blood-brain barrier and mucin could 
prevent ctDNA from entering the circulation [32]. For 
patients with primary brain cancers, cerebral spinal fluid 
may serve as an alternative “liquid biopsy” by enabling a 
more direct measurement of circulating DNA [33]. On the 
other hand, it is interesting that 27% of our patients with 
glioblastoma did have a discernible aberration on ctDNA 
testing, suggesting the possibility that, as this technology 
improves and incorporates highly prevalent alterations 
such as EGFR vIII indels, it may become usable for even 
higher percentages of these patients.
Overall, 65% of patients with malignancies other 
than brain tumors had at least one identifiable anomaly in 
their ctDNA. Sixty-eight patients (40%) had abnormalities 
that could be prosecuted by at least one drug that was 
approved for another disease (off-label use); and 9 patients 
(5%) had at least one approved agent in their disease (on-
label use). Overall, 70% of patients with alteration(s) had 
an aberration potentially actionable by an experimental 
agent in clinical trials or by an approved agent. Previous 
experience suggests that patient eligibility for these 
clinical trials or their conduct at a limited number of 
enrolling sites, as well as difficulty obtaining coverage for 
off-label drug use, might limit patients’ access to cognate 
medications [2].
Actionability by drugs that were FDA-approved was 
common in breast (52.5%) and lung cancers (60%). For 
lung cancers, EGFR alterations were frequent alterations; 
they are actionable with approved drugs (since several 
EGFR inhibitors are approved, including erlotinib, which 
is authorized for lung cancer). For breast cancers, most of 
the alterations actionable with an approved drug were in 
the PTEN/PI3K/mTOR axis (with several mTor inhibitors 
approved, including everolimus, which is on-label for 
breast cancer) or in the HER pathway.
There were several limitations to this study. First, it 
included a limited number of patients in each histology. 
Second, clinical annotation was not available since 
the database was de-identified. Third, the definition of 
“actionable” and the level of evidence needed for such 
a determination is a matter of debate and in constant 
evolution [34]. Fourth, the use of tissue-based next 
generation sequencing as a comparison to establish clinical 
utility was not accessible for this group of de-identified 
patients. However, because many of our patients were 
on treatment, it is important to note that concordance to 
tissue-based NGS is challenged by the fact that ctDNA 
is a dynamic measure and the original oncogenic driver 
mutations may become undetectable in the plasma of 
patients that are responding, or conversely, new resistance 
mutations may arise in ctDNA that were not seen in the 
original tissue biopsy [35–37]. Further, ctDNA tests may 
measure shed DNA from multiple metastases. On the other 
hand, ctDNA tests may not be sensitive enough to detect 
some tissue NGS alterations. Additional studies will need 
to perform in-depth analyses of the concordance between 
tissue and ctDNA molecular results to better understand 
the observations from each test. Finally, whether or not 
the patients would have responded to these drugs could 
not be addressed in this study, and will require further 
investigation.
In conclusion, “liquid biopsies” are non-
invasive, and have several advantages compared to 
tissue biopsies. Most importantly, they require only 






























Lung (N=40) 8 (20%) 8 (20%) 5 (12.5%) 24 (60%) 24 (60%)
Breast (N=40) 12 (30%) 7 (17.5%) 2 (5%) 21 (52.5%) 21 (52.5%)
Glioblastoma (N=33) 24 (73%) 3 (9%) 0 6 (18%) 6 (18%)
Genitourinary (N=10) 2 (20%) 4 (40%) 1 (10%) 4 (40%) 4 (40%)
Gastrointestinal (N=6) 0 1 (17%) 1 (17%) 5 (83%) 5 (83%)
Othera (N=42) 26 (62%) 7 (16.7%) 0 8 (19%) 9 (21%)
OVERALL (N=171) 72 (42%) 30 (17.5%) 9 (5%) 68 (39.8%) 69 (40%)
aOther included: unknown primary, n=39; melanoma, n=1; sarcoma, n=1; thymic sarcoma, n=1.
bNote: there is some overlapping as some patients had approved agents on and off-label, as well as experimental drugs 
options for their disease. In total, 68 patients (39.8%) had one or more approved drug(s) as an option: 9 patients had both 
on- and off-label options, 59 had off-label only.
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a small amount of blood, rather than a biopsy that 
can be invasive, painful, and, in some cases, have 
complications. Evaluation of ctDNA obtained from 
liquid biopsies is therefore also amenable to repeat 
sampling. Furthermore, obtaining a blood sample is 
efficient and inexpensive compared to obtaining a tissue 
biopsy. Indeed, biopsies often cost thousands of dollars; 
transthoracic and transbronchial lung needle biopsies 
have been reported to cost over $14,000 on average, 
based on a population-based national Medicare sample 
[38]. Finally, it is now known that there is molecular 
heterogeneity within and between tumors in the same 
patient [14]. Therefore, theoretically, ctDNA results 
may reflect genomic aberrations in DNA shed from 
multiple metastatic sites. Our observations suggest 
that, in our population, 40% of patients (69/171) 
carried potentially actionable aberrations; almost all 
of them had an aberration that could be targeted by an 
approved drug (n = 68/69). However, only a minority 
of individuals (9 patients) had aberrations that could 
be targeted by drugs approved for their type of cancer 
(on-label). This biopsy-free test has intrinsic clinical 
utility by obviating the need for repeat invasive-
tissue biopsies at the time of progression of a visceral 
malignancy. In cases where the ctDNA-based NGS 
panel detects no genomic alterations, an invasive 
tissue biopsy could then be considered to evaluate the 
genomic status of the tumor. The rate of actionability 
for the NGS test described here may further increase 
with more comprehensive panels. To extend evidence 
of clinical utility, the value of ctDNA-based, multi-
panel gene assays, such as those used in this study, 
in monitoring patients and predicting tumor response 
merits investigation in prospective trials.
MATERIALS AND METHODS
Patients
We retrospectively reviewed the liquid biopsy results 
of 171 consecutive de-identified patients with diverse 
cancers who were seen at UC San Diego Moores Cancer 
Center. Blood samples were collected between June, 2014 
and January 2015. Analysis was performed per UCSD IRB 
exempt approval for study of pre-existing de-identified 
data. Analysis of usage patterns of liquid biopsies at our 
institution indicates that about 95% of patients who have 
had these tests performed have advanced or metastatic 
disease. In addition, two series of healthy volunteers were 
tested as controls (N = 79 followed by N = 143) (source: 
AllCells, http://www.allcells.com).
Next generation sequencing
Next generation digital sequencing was performed 
by Guardant Health (Guardant360, www.guardanthealth.
com/guardant360/), a Clinical Laboratory Improvement 
Amendments (CLIA)-certified and College of American 
Pathologists (CAP)-accredited clinical laboratory 
(Guardant Health, Inc.). At the time of this study, this 
test identifies potential tumor-related genomic alterations 
via complete exon sequencing of 54 cancer-related genes 
including amplifications in ERBB2, EGFR, and MET 
through analysis of cell-free DNA extracted from plasma 
(extracted from two blood tubes), Supplementary Table 
S1. This circulating tumor DNA assay has high analytic 
sensitivity (detects single molecules of somatic tumor 
DNA in 10 mL blood samples), high clinical sensitivity 
(detects 85%+ of the single nucleotide variants detected 
in tissue in advanced cancer patients) (for stage III and 
IV solid cancers) and analytic specificity (>99.9999%) 
(Sensitivity was determined by comparing 165 sequential 
matched plasma and tissue samples (Guardant Health, 
data on file). Specificity >99.9999% represents the 
analytic specificity, calculated from a controlled study of 
20 samples comparing to exome sequencing of basepair 
calls for all 78,000 base pairs in the panel (genomic 
DNA analyzed by an independent CLIA-licensed and 
CAP-accredited clinical laboratory). A high degree of 
specificity is critical to eliminate the false positives (noise) 
that otherwise accompany sequencing DNA at very low 
concentrations over long targeted regions (in this case 
~78,000 base pairs per sample). All cell-free DNA is 
sequenced, including the germline cell-free DNA that 
is derived from leukocyte lysis and the somatic ctDNA. 
Single nucleotide variants are quantitated as mutant allele 
fraction (MAF) which is the number of ctDNA fragments 
divided by the number of wild type DNA fragments that 
overlap the same mutated nucleotide base position. Gene 
amplifications are reported as absolute gene copy number 
in plasma. In each sequencing run, a normal control 
sample is included (Guardant360 digital sequencing panel, 
Guardant Health Inc, data on file).
Definition of actionability
Actionability implies that the protein product of 
a genomic abnormality can be impacted by a specific 
targeted drug. An actionable alteration was defined 
as an alteration that was either the direct target (such 
as an EGFR inhibitor targeting an EGFR mutation), 
or a pathway component (such as an mTOR inhibitor 
for a PIK3CA mutation (since mTor is downstream of 
PIK3CA)) that could be targeted by at least one approved 
(by the Food and Drug Administration) or investigational 
drug in a clinical trial. (Actionability determination was 
based on the ability of drugs that are small molecule 
inhibitors to impact the aberration, with low IC50 against 
the product of the aberration or effectors not more than 
four signals removed from the gene aberration or its 
product; if an altered gene product could be targeted by 
an antibody whose primary target was the altered gene 
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product, it was also considered actionable). Actionability 
was crosschecked by two investigators, including the 
senior investigator (RK) [34].
Data extraction and analysis
Demographic information such as gender, age, 
primary tumor site, as well as the dates of sample reception, 
dates of results, list of alterations and actionability data 
(included: number of actionable alterations, and more 
specifically, the number of alterations with an approved 
drug available in the disease (on-label use), the number of 
alterations with an approved drug in another disease (off-
label use), and the number of alterations with experimental 
drug(s) available (clinical trials)) were extracted from the 
reports and analyzed.
Most of the statistical analysis was descriptive in 
nature. When appropriate, median and 95% confidence 
intervals (95% CI) or range were reported. The sample 
size was determined by the available patients with genetic 
testing information. Analysis performed by author MS 
using SPSS version 22.0.
FUNDING
Funded by the Joan and Irwin Jacobs Fund.
CONFLICTS OF INTEREST
Dr. Kurzrock has research funding from Genentech, 
Merck Serono, Pfizer, and Foundation Medicine, as well 
as consultant fees from Sequenom and is the founder of 
RScueRX, Inc. Ms. Banks and Dr. Lanman are employees 
of Guardant Health, Inc. Dr. Talasaz is co-founder and 
employee of Guardant Health, Inc. The other authors have 
nothing to disclose.
REFERENCES
1. Tsimberidou A-M, Iskander NG, Hong DS, Wheler JJ, 
Falchook GS, Fu S, Piha-Paul S, Naing A, Janku F, Luthra R, 
Ye Y, Wen S, Berry D, Kurzrock R. Personalized medicine 
in a phase I clinical trials program: the MD Anderson Cancer 
Center initiative. Clin Cancer Res. 2012; 18:6373–83.
2. Schwaederle M, Parker BA, Schwab RB, Fanta PT, Boles 
SG, Daniels GA, Bazhenova LA, Subramanian R, Coutinho 
AC, Ojeda-Fournier H, Datnow B, Webster NJ, Lippman 
SM, Kurzrock R. Molecular tumor board: the University of 
California-San Diego Moores Cancer Center experience. The 
Oncologist. 2014; 19:631–6.
3. Kris MG, Johnson BE, Berry LD, et al. USing multiplexed 
assays of oncogenic drivers in lung cancers to select targeted 
drugs. JAMA. 2014; 311:1998–2006.
4. Von Hoff DD, Stephenson JJ Jr, Rosen P, Loesch DM, Borad 
MJ, Anthony S, Jameson G, Brown S, Cantafio N, Richards 
DA, Fitch TR, Wasserman E, Fernandez C, et al. Pilot study 
using molecular profiling of patients’ tumors to find potential 
targets and select treatments for their refractory cancers. J 
Clin Oncol. 2010; 28:4877–83.
5. Schwaederlé M, Daniels GA, Piccioni DE, Fanta PT, Schwab 
RB, Shimabukuro KA, Parker BA, Kurzrock R. Cyclin 
alterations in diverse cancers: Outcome and co-amplifica-
tion network. Oncotarget. 2015; 6:3033–42. doi: 10.18632/
oncotarget.2848.
6. Schwaederle M, Zhao M, Lee JJ, Eggermont AM, Schilsky 
RL, Mendelsohn J, Lazar V, Kurzrock R. Impact of Precision 
Medicine in Diverse Cancers: A Meta-Analysis of Phase II 
Clinical Trials. J Clin Oncol. 2015; 33:3817-25.
7. Fontes Jardim DL, Schwaederle M, Wei C, Lee JJ, Hong 
DS, Eggermont AM, Schilsky RL, Mendelsohn J, Lazar 
V, Kurzrock R. Impact of a Biomarker-Based Strategy 
on Oncology Drug Development: A Meta-analysis of 
Clinical Trials Leading to FDA Approval. J Natl Cancer 
Inst. 2015; 107.
8. Paez JG, Jänne PA, Lee JC, Tracy S, Greulich H, Gabriel 
S, Herman P, Kaye FJ, Lindeman N, Boggon TJ, Naoki K, 
Sasaki H, Fujii Y, et al. EGFR mutations in lung cancer: cor-
relation with clinical response to gefitinib therapy. Science. 
2004; 304:1497–500.
9. Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto 
P, Larkin J, Dummer R, Garbe C, Testori A, Maio M, 
Hogg D, Lorigan P, Lebbe C, et al. Improved Survival with 
Vemurafenib in Melanoma with BRAF V600E Mutation. N 
Engl J Med. 2011; 364:2507–16.
10. Vemurafenib in Melanoma with BRAF V600E Mutation. N 
Engl J Med. 2011;365:1448–50.
11. Barbany G, Höglund M, Simonsson B. Complete Molecular 
Remission in Chronic Myelogenous Leukemia after Imatinib 
Therapy. N Engl J Med. 2002; 347:539–40.
12. Boros LG, Lee W-NP, Cascante M. Imatinib and Chronic-
Phase Leukemias. N Engl J Med. 2002; 347:67–8.
13. De Mattos-Arruda L, Weigelt B, Cortes J, Won HH, Ng 
CKY, Nuciforo P, Bidard F-C, Aura C, Saura C, Peg V, 
Piscuoglio S, Oliveira M, Smolders Y, et al. Capturing intra-
tumor genetic heterogeneity by de novo mutation profiling of 
circulating cell-free tumor DNA: a proof-of-principle. Ann 
Oncol. 2014; 25:1729–35.
14. Gerlinger M, Rowan AJ, Horswell S, Larkin J, 
Endesfelder D, Gronroos E, Martinez P, Matthews N, 
Stewart A, Tarpey P, Varela I, Phillimore B, Begum S, 
et al. Intratumor Heterogeneity and Branched Evolution 
Revealed by Multiregion Sequencing. N Engl J Med. 
2012; 366:883–92.
15. Ng CKY, Pemberton HN, Reis-Filho JS. Breast cancer intra-
tumor genetic heterogeneity: causes and implications. Expert 
Rev Anticancer Ther. 2012; 12:1021–32.
Oncotarget9716www.impactjournals.com/oncotarget
16. Pao W, Miller VA, Politi KA, Riely GJ, Somwar R, 
Zakowski MF, Kris MG, Varmus H. Acquired resistance of 
lung adenocarcinomas to gefitinib or erlotinib is associated 
with a second mutation in the EGFR kinase domain. PLoS 
Med. 2005; 2:e73.
17. Wheeler DL, Dunn EF, Harari PM. Understanding resistance 
to EGFR inhibitors—impact on future treatment strategies. 
Nat Rev Clin Oncol. 2010; 7:493–507.
18. Tsigelny IF, Wheler JJ, Greenberg JP, Kouznetsova VL, 
Stewart DJ, Bazhenova L, Kurzrock R. Molecular determi-
nants of drug-specific sensitivity for epidermal growth factor 
receptor (EGFR) exon 19 and 20 mutants in non-small cell 
lung cancer. Oncotarget. 2015; 6:6029–39. doi: 10.18632/
oncotarget.3472.
19. Diehl F, Schmidt K, Choti MA, Romans K, Goodman S, Li 
M, Thornton K, Agrawal N, Sokoll L, Szabo SA, Kinzler 
KW, Vogelstein B, Diaz LA. Circulating mutant DNA to 
assess tumor dynamics. Nat Med. 2008; 14:985–90.
20. Hyman DM, Diamond EL, Vibat CRT, Hassaine L, Poole 
JC, Patel M, Holley VR, Cabrilo G, Lu TT, Arcila ME, 
Chung YR, Rampal R, Lacouture ME, et al. Prospective 
blinded study of BRAFV600E mutation detection in cell-free 
DNA of patients with systemic histiocytic disorders. Cancer 
Discov. 2015; 5:64–71.
21. Janku F, Vibat CRT, Kosco K, Holley VR, Cabrilo G, Meric-
Bernstam F, Stepanek VM, Lin PP, Leppin L, Hassaine L, 
Poole JC, Kurzrock R, Erlander MG. BRAF V600E muta-
tions in urine and plasma cell-free DNA from patients with 
Erdheim-Chester disease. Oncotarget. 2014; 5:3607–10. doi: 
10.18632/oncotarget.1964.
22. Janku F, Angenendt P, Tsimberidou AM, Fu S, Naing 
A, Falchook GS, Hong DS, Holley VR, Cabrilo G, 
Wheler JJ, Piha-Paul SA, Zinner RG, Bedikian AY, et al. 
Actionable mutations in plasma cell-free DNA in patients 
with advanced cancers referred for experimental targeted 
therapies. Oncotarget. 2015; 6:12809–21. doi: 10.18632/
oncotarget.3373.
23. Said R, Hong DS, Warneke CL, Lee JJ, Wheler JJ, Janku 
F, Naing A, Falchook GS, Fu S, Piha-Paul S, Tsimberidou 
AM, Kurzrock R. P53 Mutations in Advanced Cancers: 
Clinical Characteristics, Outcomes, and Correlation between 
Progression-Free Survival and Bevacizumab-Containing 
Therapy. Oncotarget. 2013; 4:705–14. doi: 10.18632/
oncotarget.974.
24. The Cancer Genome Atlas Research Network. 
Comprehensive molecular profiling of lung adenocarcinoma. 
Nature. 2014; 511:543–50.
25. Bean J, Brennan C, Shih J-Y, Riely G, Viale A, Wang L, 
Chitale D, Motoi N, Szoke J, Broderick S, Balak M, Chang 
W-C, Yu C-J, et al. MET amplification occurs with or with-
out T790M mutations in EGFR mutant lung tumors with 
acquired resistance to gefitinib or erlotinib. Proc Natl Acad 
Sci U S A. 2007; 104:20932–7.
26. Chen H-J, Mok TS, Chen Z-H, Guo A-L, Zhang X-C, Su 
J, Wu Y-L. Clinicopathologic and molecular features of 
epidermal growth factor receptor T790M mutation and 
c-MET amplification in tyrosine kinase inhibitor-resistant 
Chinese non-small cell lung cancer. Pathol Oncol Res POR. 
2009; 15:651–8.
27. de Melo Gagliato D, Fontes Jardim DL, Falchook G, Tang 
C, Zinner R, Wheler JJ, Janku F, Subbiah V, Piha-Paul SA, 
Fu S, Hess K, Roy-Chowdhuri S, Moulder S, et al. Analysis 
of MET Genetic Aberrations in Patients With Breast Cancer 
at MD Anderson Phase I Unit. Clin Breast Cancer. 2014; 
14:468–74.
28. Johnson DB, Dahlman KH, Knol J, Gilbert J, Puzanov 
I, Means-Powell J, Balko JM, Lovly CM, Murphy BA, 
Goff LW, Abramson VG, Crispens MA, Mayer IA, et 
al. Enabling a Genetically Informed Approach to Cancer 
Medicine: A Retrospective Evaluation of the Impact of 
Comprehensive Tumor Profiling Using a Targeted Next-
Generation Sequencing Panel. The Oncologist. 2014; 
19:616–22.
29. Schwaederle M, Daniels GA, Piccioni DE, Fanta PT, Schwab 
RB, Shimabukuro KA, Parker BA, Kurzrock R. On the 
Road to Precision Cancer Medicine: Analysis of Genomic 
Biomarker Actionability in 439 Patients. Mol Cancer Ther. 
2015; 14:1488–94.
30. 30. Vasan N, Yelensky R, Wang K, Moulder S, Dzimitrowicz 
H, Avritscher R, Wang B, Wu Y, Cronin MT, Palmer G, 
Symmans WF, Miller VA, Stephens P, Pusztai L. A targeted 
next-generation sequencing assay detects a high frequency 
of therapeutically targetable alterations in primary and meta-
static breast cancers: implications for clinical practice. The 
Oncologist. 2014; 19:453–8.
31. Bettegowda C, Sausen M, Leary RJ, Kinde I, Wang Y, 
Agrawal N, Bartlett BR, Wang H, Luber B, Alani RM, 
Antonarakis ES, Azad NS, Bardelli A, et al. Detection of 
Circulating Tumor DNA in Early- and Late-Stage Human 
Malignancies. Sci Transl Med. 2014; 6:224ra24–224ra24.
32. ctDNA Is a Specific and Sensitive Biomarker in Multiple 
Human Cancers. Cancer Discov. 2014; 4:OF8-OF8.
33. Pan W, Gu W, Nagpal S, Gephart MH, Quake SR. Brain 
tumor mutations detected in cerebral spinal fluid. Clin Chem. 
2015; 61:514–22.
34. Vidwans SJ, Turski ML, Janku F, Garrido-Laguna I, Munoz 
J, Schwab R, Subbiah V, Rodon J, Kurzrock R. A frame-
work for genomic biomarker actionability and its use in 
clinical decision making. Oncoscience. 2014; 1:614–23. doi: 
10.18632/oncoscience.90.
35. Dawson S-J, Tsui DWY, Murtaza M, Biggs H, Rueda OM, 
Chin S-F, Dunning MJ, Gale D, Forshew T, Mahler-Araujo 
B, Rajan S, Humphray S, Becq J, et al. Analysis of circulat-
ing tumor DNA to monitor metastatic breast cancer. N Engl 
J Med. 2013; 368:1199–209.
36. Misale S, Yaeger R, Hobor S, Scala E, Janakiraman M, 
Liska D, Valtorta E, Schiavo R, Buscarino M, Siravegna 
G, Bencardino K, Cercek A, Chen C-T, et al. Emergence 
of KRAS mutations and acquired resistance to anti-EGFR 
therapy in colorectal cancer. Nature. 2012; 486:532–6.
Oncotarget9717www.impactjournals.com/oncotarget
37. Schwaederle M, Piccioni D, Kesari S, Hasain H, Patel S, 
Kurzrock R. Use of liquid biopsies in clinical oncology: the 
UCSD Moores Cancer Center experience in 168 patients with 
diverse malignancies. Mol Cancer Ther. 2015; 14; C19.
38. Lokhandwala, T., Dann, R., Johnson, M., D’Souza, A. O. 
Medicare costs analysis indicates need for decreasing use of 
biopsies as diagnosis tool for lung cancer. [Abstract 3373]. 
Multidiscip Symp Thorac Oncol. 2014.
